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Meeting ReviewMAP Kinases in Meiosis
Ferrell analyzed the role of the MAP kinase cascade inAndrew W. Murray
Xenopus oocyte maturation. Both activation reactionsDepartment of Physiology
(the phosphorylations of MAPKK and MAP kinase) re-University of California
quire two phosphorylations on the downstream kinase.San Francisco, California 94143-0444
If the activating kinase dissociates from its substrate
between the two phosphorylation steps, the rate at
which the substrate kinase is converted to its active
A recent meeting in Spain discussed the most important form will vary as the square of the activity of the up-
cell divisions in your life: the meioses that produced the stream kinase. Combining two such steps in succession
egg and sperm that fused to create you. Most of the produces a cascade in which the activity of MAP kinase
talks at the meeting (ªSignal Transduction Pathways and varies as the fourth power of the activity of the MAPKKK
Checkpoint Controls in Meiotic Maturation,º Cuenca, so that a 2.5-fold increase in the activity of MAPKKK
September 4±7, 1997) focused on the cell cycle that changes the activity of MAP kinase from 10% to 90%
produces oocytes and finally eggs from the germ line of its maximal value. By experimentally manipulating
cells of female animals. This meiotic cycle is regulated the level of c-Mos (the MAPKKK that controls oocyte
differently from the mitotic cycles of somatic cells. Non- maturation) added to oocyte extracts, Ferrell showed
proliferating somatic cells exit the cell cycle in G1, that the activation of MAP kinase does indeed switch
whereas oocytes arrest in G2 and can escape from this from off to on in response to small increases in the
pause up to 50 years later. In their fully grown but G2- amount of added Mos, with a Hill coefficient (a measure
arrested state, the oocytes are immature and require a of cooperativity) of almost 5.
physiological stimulus to undergo maturation: the entry Strong as this cooperativity is (the Hill coefficient for
into the meiotic divisions that converts them into unfertil- the binding of oxygen to hemoglobin is 2.8), individual
ized eggs. The stimuli for maturation vary (steroid hor- oocytes show an even more switch-like response to the
mones in vertebrates, modified purines in starfish, and maturation-inducing stimulus of progesterone. Ferrell
the act of fertilization in clams), but all activate signaling treated populations of oocytes with doses of progester-
one that induced some, but not all of them, to maturepathways that converge to produce the same effects:
and then measured the level of MAP kinase activity inmetabolic activation, induction of the kinase activity of
individual oocytes. The response was quantal: everyCdc2 (first discovered as maturation promoting factor
tested oocyte had either no MAP kinase activity or high[MPF]), breakdown of the oocyte nucleus (the germinal
levels of MAP kinase activity. Mathematical analysis ar-vesicle), and formation of the meiosis I spindle. These
gues that the Hill coefficient for the ability of progester-pathways have strong similarities with the ones that
one to induce maturation is greater than 30 (Figure 1A).growth factors use to push G1-arrested cells back into
The additional cooperativity seen in vivo probablythe mitotic cycle, showing that evolution has conserved
comes from a positive feedback loop in which theactiva-signal transduction pathways at the same time that it
tion of Mos stimulates polyadenylation and translation ofhas diversified its inputs and outputs. Thus, oocytes
Mos mRNA as well as increasing the half-life of the Mosrespond to reproductive hormones by activating MAP
protein. The effect of blocking protein synthesis sup-kinase cascades that lead to the activation of complexes
ports the idea of a translational positive feedback loop:between Cdc2 and cyclin B, whereas in somatic cells
when oocytes that have been incubated with a proteingrowth factors activate the same transduction pathway
synthesis inhibitor are treated with progesterone, someto turn on transcriptional programs that ultimately acti-
oocytes produce intermediate levels of MAP kinase ac-vate complexes between Cdk4/6 and D-type cyclins. In
tivity, and analysis of this data reveals a Hill coefficientseveral respects oocytes are easier to study than so-
that is close to that seen in vitro.
matic cells: oocytes are available in large quantities,
If activation of Mos flips a MAP kinase switch to trigger
they mature with impressive synchrony, they are big
oocyte maturation, what turns on Mos and how does
enough to perform biochemical analysis on single cells, activated MAP kinase turn inactive Cdc2/cyclin B com-
many of the steps can be studied in cell-free extracts, plexes into active ones? A variety of evidence indicates
and the signaling pathway impinges directly on the cell that the steroid receptors that induce the maturation of
cycle engine without any transcriptional intermediates. vertebrate oocytes are located on the cell surface and
One of the most important lessons of this meeting is are unlikely to be related to the nuclear receptor family
that even within the meiotic cell cycle, different organ- that mediates responses to steroids in somatic cells.
isms have put the MAP kinase module to different uses. Nagahama (Shizuoka University) reported work on the
In this tongue-twisting cascade, a MAP kinase kinase isolation of a hormone-binding activity from the fish Me-
kinase (MAPKKK) phosphorylates and activates a MAP daka that is associated with the a subunit of an inhibitory
kinase kinase (MAPKK), which phosphorylates a MAP ki- G protein (Gia). This is a promising lead, since exposing
nase (MAPK). Why is this signaling module so wide- the oocytes of vertebrates and starfish (check) to the
spread? Jim Ferrell (Stanford) provided a provocative appropriate hormones leads to a decline in cAMP levels
answer by showing that it makes a switch that turns a that is both necessary and sufficient to activate the early
continous input into an on or off response. Such switch- steps of the maturation pathway. Jessus (Universite
ing is critical to cells: they can re-enter the cell cycle or Pierre et Marie Curie, Paris) reported the intriguing ob-
servation that treatment with a toxin that inactivatesthey can not, but they should never half enter the cycle.
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Figure 1. How MAP Kinase Cascade Can Act
as Switches in Cells
(A) Cooperativity and feedback loops turn the
MAP kinase cascade into a switch that con-
trols entry into meiosis I. The response to an
arbitrary stimulus is shown for a Michaelis-
Menton enzyme (Hill coefficient, n 5 1), the
response of MAP kinase in frog egg extracts
to the addition of varying amounts of Mos
protein (MAPK in vitro, n 5 4.8), and the re-
sponse of MAP kinase to progesterone treat-
ment of frog eggs (MAPK in vivo, n ≈ 30).
(B) The roles that MAP kinase plays during
meiosisof frogs, mammals, starfish, and clams.
small G proteins (Clostridium sorelli lethal toxin) induces that should settle the question of whether any of these
proteins are B-type cyclins.frog oocyte maturation with the same time course as
progesterone. Preliminary experiments suggest that the As well as inducing meiosis I, MAP kinase also ap-
pears to play roles in controlling the remainder of meio-toxin achieves its effect by inactivating Ras, suggesting
that Ras may stimulate adenyl cyclase in vertebrate oo- sis. Although Cdc2 activity falls between meiosis I and
II, oocytes do not return to interphase and the nuclearcytes as it has been shown to do in budding yeast. At
first sight, these results are hard to reconcile with the envelope doesn't reform. Kishimoto (Tokyo) reported
that inhibition of Mos or MAP kinase activity in extractsability of oncogenically activated forms of Ras to induce
oocyte maturation in the absence of progesterone. The of meiotic frog oocytes led to reformation of the nuclear
envelope and DNA replication. Frog oocytes completemost likely reconciliation is that very high levels of active
Ras can activate the MAP kinase cascade even in the maturation by arresting in metaphase of meiosis II, and
this arrest also depends on Mos and MAP kinasepresence of levels of cAMP that inhibit the physiological
pathway of maturation. Cooper (Hutchinson Cancer through their ability to activate an inhibitor of the cyclo-
some/anaphase-promoting complex (Fang, Harvard),Center, Seattle) reported experiments that suggest that
the activation of Mos is opposed by the casein kinase which ubiquitinates cyclin B and other proteins thus
targeting them for destruction. This inhibitor is notIIb, a noncatalytic subunit of casein kinase II, and that
the stimulatory effects of progesterone on translation bound to the APC (anaphase-promoting complex), sug-
gesting the possibility that it interferes with a previouslymay be mediated by the ability of MAP kinase to activate
the protein kinase Mnk1, which phosphorylates and acti- undiscovered step incyclin destruction, such as delivery
of cyclin to the APC complex.vates eIF4E, a translational initiation factor.
Although MAP kinase activation is required for Xeno- MAP kinase has effects even beyond the end of meio-
sis I. In starfish, maturing oocytes do not arrest in meio-pus oocyte maturation, it cannot induce maturation in
the absence of new protein synthesis. The clearest dem- sis II, but they cannot proceed through the following
interphase unless they are fertilized or treated in otheronstration of these additional requirements is the obser-
vation that activation of MAP kinase in oocyte extracts ways that elevate cytoplasmic calcium. Kishimoto (Tokyo
Institute of Technology) reported that unfertilized eggsdoes not lead to the activation of Cdc2, suggesting that
newly synthesized proteins must be involved in allowing fail to inactivate MAP kinase, and that experimental MAP
kinase inactivation in these eggs can restart the cell cy-active MAP kinase to stimulate the removal of inhibitory
phosphorylations from Cdc2. The identity of these pro- cle. Picard (Laboratoire Arago, Banyuls-sur-Mer) showed
that ectopic activation of MAP kinase during interphaseteins remains mysterious, although Hunt (ICRF, London)
described a new generation of antisense experiments of the early mitotic cycles of both frog and starfish em-
Meeting Review
159
bryos arrested them in G2. In this arrest, Cdc2 is bound
to cyclin B but maintained high levels of inhibitory phos-
phorylation at the ATP-binding site. Doree (Centre de
Recherches de Biochimie Macromoleculaire, Montpel-
lier) reported that producing high levels of active MAP
kinase in interphase prevented the increase in the Polo-
like kinase (Plk) that has been shown to activate Cdc25,
thephosphatase that removes the inhibitory phosphates
from Cdc2 (Dunphy, Caltech). Two lines of evidence
suggest that MAP kinase may arrest unfertilized verte-
brate eggs in metaphase by inhibiting Plk: inhibition of
MAP kinase overcomes the arrest, and dominant nega-
tives of Plk prevent a rise in calcium from triggering
the physiological exit from meiosis (Nigg, University of
Geneva).
A remarkable feature of the MAP kinase cascade in
the meiotic cell cycle is the variability in the way that
the oocytes of different animals respond to its activity
(Figure 1B). In frog eggs, the presence of Mos is required
to maintain MAP kinase activity and prevent oocytes
from escaping into interphase between meiosis I and II,
whereas mouse oocytes that lack Mos do not return to
interphase between the two meiotic divisions (Maro,
University of Paris; Vande Woude, NCI) although (like
Mos-deficient frog oocytes) they lack the normal arrest
in metaphaseof meiosis II. Starfish differ yet again, since
they do not require the inactivation of MAP kinase to
escape from the second meiotic division. Astonishingly,
different species of starfish respond differently to the
failure of unfertilized eggs to inactivate MAP kinase, with
European species arresting in G2 of the first mitotic cell
cycle and Japanese ones arresting in G1. Although this
variability certainly frustrates implacable reductionists
and those trying to understand the control of meiosis
for the first time, it shows us how flexibly the MAP kinase
signaling cascade can be coupled to different outputs
and provides fertile ground for investigating how evolu-
tion has constantly rewired the control of the cell cycle.
This meeting also provided a potent example of how
the modern trend of promoting research on a small num-
ber of ªmodelº organisms will eventually deprive us of
the opportunity to study interesting biology. Even on a
subject that lies a little off the beaten path, all but a few
of the talks concerned the approved pantheon of mice,
frogs, flies, and yeast (worm meiois havingyet to achieve
strong popularity). One of the exceptions (Friedlander,
Ben-Gurion University) introduced a peculiarity of male
meiosis in Lepidoptera (butterflies and moths). Before
pupation, males produce sperm with normal nuclei, but
those produced after pupation are anucleate. Although
the males inseminate females with both sorts of sperm,
only the nucleated sperm end up fertilizing eggs. This
strange finding raises a host of questions. Why do but-
terflies produce sperm that cannot propagate their
genes? Why don't the anucleate sperm fertilize eggs?
Are we witnessing some aspect of the genetic war be-
tween the sexes? Could this biology be harnessed to
aid in control of economically important pests like the
gypsy moth? Unless we can reduce the duplication of
effort in fashionable areas and broaden the funding of
biology, these questions are likely to remain unan-
swered.
